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   A   adenosine 
   A   absorbance (1cm) 
   aa   amino acid(s) 
   Ap   ampicillin 
   AS   acetosyringone 
   bp   base pair(s) 
   BSA   bovine serum albumin 
   C- terminal  carboxyl terminal 
   C   cystidine 
Cb   Carbenicillin 
   Conc   concentration 
Cm   chloramphenical 
   DMF   N, N-dimethylformamide 
   DMSO   dimethylsulfoxide 
   DNA   deoxyribonucleic acid 
   dNTP   deooxyribonucleoside triphosphate 
   dsDNA  double-stranded DNA 
   EDTA   Ethylenediaminetetra acetic acid 
   EtOH   ethanol 
   g   grams or gravitational force,  
      according to the intended meaning 
   G   guanosine 
   Gm   gentamycin 
 iii
   hr   hour 
kb   kilobase(s) or 1000 bp 
   kDa   kilodalton(s) 
   Km   kanamycin 
   LB   Luria-Bertani medium 
   M   molar 
   MCS   multiple cloning site(s) 
   mg   milligram(s) 
   µ   micro- 
   µg   microgram(s) 
   µl   microliter(s) 
   µm   micrometre 
   min   minute(s) 
   ml   milliliter(s) 
   mM   millimole 
   mw   molecular weight 
   N   any nucleoside 
   n   nano- 
   nm   manometer 
   No    number 
   nt   nucleotide(s) 
   N- terminal  amino terminal 
   Oligo   oligodeoxyribonucleotide 
   ORF   open reading frame 
PAGE   olyacrylamide gel electrophoresis 
 iv
   PEG   polyethyleneglycol 
   phoA   alkaline phosphatase gene 
   Quan   Quantity 
   r   resistant/resistance 
   RBS   ribosome-binding site(s) 
   RNA   ribonucleic acid 
   RNase   ribonuclease 
   rpm   revolutions per minute 
   S   sensitive/sensitivity 
   SDS   sodium dodecyl sulfate 
   sec   second(s) 
   ssDNA  single-stranded DNA 
   T   thymidine 
   1× TAE  40 mM Tris-acetate, 1 mM EDTA 
   TBS   Tris-buffered saline 
   Tc   tetracycline 
   Tn   transposon 
   UV   ultraviole
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This study is mainly to determine the role of a membrane-bound sensor protein ChvG 
in regulating homologous recombination in Agrobacterium tumefaciens. Homologous 
recombination was achieved by introducing total DNA of one strain into another 
strain and then selecting for a newly acquired antibiotic resistance in the later strain. 
Seven A. tumefaciens mutants, including virB-, katA- and aopB-, which resulted from 
mini-Tn5 transposon insertions, were recombinated with a chvG- mutant A6340. 
Several recombinant strains between chvG- and other mutant genes were obtained. 
Many more recombinant strains between a chvG+ strain A6010 and other mutant 
genes were also obtained. Southern analysis was performed to show the differences 
between chvG+ recombinant strains and chvG- recombinant strains. The results 
showed that some unexpected event(s) had occurred during homologous 
recombination in chvG- recombinant strains compared with chvG+ recombinant strains. 
We cloned the DNA fragments around the recombinant sites. The results of DNA 
sequencing showed that all the recombinations in the chvG- strains occurred at the 
same site, that is, katA, no matter what the original mutants that were used for 
homologous recombination. This suggests that chvG is required for the normal 
homologous recombination events. The difference of transformation efficiency was 
also compared between the chvG+ strain A6010 and chvG- strain A6340. The results 
showed that the recombination efficiency of chvG- strain A6340 was much lower than 
that of chvG+ strain A6010. Since ChvG is a membrane-bound sensor protein, our 
data indicate that ChvG plays an important role in regulating the homologous 
recombination events in A. tumefaciens. 
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1. Introductions and Literature Review 
1.1. Literature review on the molecular genetics of Agrobacterium tumefaciens 
1.1.1. General Introduction of Agrobacterium tumefaciens 
Agrobacterium tumefaciens is a soil-borne, gram-negative bacterial pathogen that causes 
crown gall tumors on a wide variety of plants. The infection occurs at plant wound sites 
and involves the transfer of oncogenic DNA (T-DNA) from the bacterial Ti plasmid into 
the plant cell nucleus. Expression of T-DNA encoded genes results in the tumor 
formation on the host plant (Kado, 1991; Sheng and Citovsky, 1996; Zupan and 
Zambryski, 1997; Stafford, 2000; Zhu et al., 2000).  
 
The T-DNA transfer process from Agrobacterium into plant cells involves many factors 
from both the bacterium and the plant. The bacterial factors include the T-DNA and the 
virulence genes located on the Ti plasmid as well as some chromosomal genes that are 
required for functions during the early stages of infection or the regulation of virulence 
genes (Zupan and Zambryski, 1997; Gelvin, 2000).  
 
Agrobacterium tumefaciens is the only known natural vector for inter-kingdom gene 
transfer. The Agrobacterium system is attractive for the ease of the experimental 
manipulations involved and the minimal equipment cost that is required. And the 
transgenic plants obtained by this method often contain only a single copy of insertion 
(Hansen and Wright, 1999). Agrobacterium can cause tumors on most dicotyledonous 
plants and a few monocotyledonous plants. Moreover, it has been found recently that the 
host range of A. tumefaciens can be expanded to other eukaryotic organism, including 
yeast (Bundock et al., 1995; Piers et al., 1996), filamentous fungi (de Groot et al., 1998) 
and most recently, mammalian cells (Kunik et al., 2001). Many data show that the 
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Agrobacterium-mediated transformation of eukaryotic hosts other than plants mimics the 
transfer of T-DNA from A. tumefaciens to plant cells but the molecular mechanism 
remains to be elucidated. 
 
1.1.2. A. tumefaciens-plant interaction 
Although A. tumefaciens had been studied for nearly 100 years, it was the advent of 
recombinant DNA technology that led to the analysis of the biological principles 
underlying the Agrobacterium-plant cell interaction and to the modification of the system 
for plant genetic engineering. The crown gall disease has been shown to be due to the 
transfer of a specific DNA fragement, the T-DNA (transferred DNA), from a large 
tumour-inducing (Ti) plasmid within the bacterium (Zaenen et al., 1974) to the plant cell. 
After transfer, the T-DNA becomes integrated into the plant nuclear geneome (Chilton et 
al., 1977) and its subsequent expression leads to the crown gall phenotype. Some of the 
T-DNA genes are responsible for the synthesis of modification of basic plant growth 
factors, such as auxins and cytokinins. Other T-DNA genes direct the synthesis of 
particular amino acid or sugar derivatives that are not normally found in plant cells. 
These plant tumour-specific compounds are now generally referred as opines. 
 
Three bacterial genetic elements are required for T-DNA transfer to plants. The first 
element is the T-DNA border sequences that consist of 24- or 25-bp direct repeats 
flanking and defining the T-DNA (Van Haaren et al., 1988). The second element consists 
of the virulence (vir) genes encoded by the Ti plasmid in a region outside of the T-DNA 
(Hooykaas and Beijersbergen, 1994). And the third bacterial element necessary for T-
DNA transfer consists of a number of chromosomal genes, of which some are important 
for attachment of the bacterium to the plant cells (Sheng and Citovsky, 1996). The last 
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two genetic elements play important roles in the T-DNA process from A. tumefaciens to 
plant nucleus.  
 
1.1.3. Roles of virulence genes 
A region on the Ti plasmid, named the virulence (vir) gene region, contains six basic 
operons virA-virE and virG that are required for tumorigenesis. virA and virG belong to 
the bacterial two-component regulatory system and function to initiate the induction of 
the vir genes by sensing the plant signals, such as phenolic compounds, monosaccharides 
and acidic environment (Winans, 1992; Olson, 1993). VirA/VirG-independent 
transcription of virG is induced strongly at low pH (Mantis and Winans, 1992) and 
VirA/VirG dependent transcription of vir operons is maximal at low pH (Winans, 1992; 
Olson, 1993). The virB operon is comprised of 11 genes from virB1 to virB11, which are 
necessary for tumorigenesis but not for the production of T-complex (Stachel et al., 1987). 
VirB proteins were proposed to mediate T-DNA transfer by forming transport apparatus 
termed T-pilus that is produced in the presence of virB gene expression together with 
VirD4 (Zupan et al., 1998; Deng and Nester, 1998). virC, virD and virE are involved in 
producing a T-DNA complex that is presumably the form transferred into plant nuclei. 
 
There are still some other vir genes that have been identified and characterized, including 
virJ (Pan et al., 1995; Kalogeraki and Vinans, 1995), virF (Schrammeijer, 1998) and 
virH-virM (Kalogeraki and Winans, 1998). Similar to other vir genes, these genes are 
inducible by the plant phnolic compounds through the presence of a vir-box consensus 
sequence in their promoter regions. virH, virK, virL and  virM genes were not required 
for the tumorigenesis on Kalanchoe diagramontiana leaves or carrot disks. Their roles in 
the microbe-plant interactions are still unclear. 
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1.1.4. Roles of chromosomal virulence genes 
Genes located on the bacterial chromosome are also required for virulence and are 
designated chv. Several of the chromosomal virulence loci (chvA, chvB, exoC) were 
shown to be involved in the synthesis, processing and export of cyclic β-1,2-glucans and 
other sugars (Uttaro et al., 1990; Thomashow et al., 1987; O’Connell and Handelsman, 
1989; Kamoun et al., 1989). These genes are concerned with the attachment of 
Agrobacterium tumefaciens to plant cells, a step that precedes a successful transfer of T-
DNA. Mutant strains of chvA or chvB could not attach to the host cells and abolished the 
tumor formation ability (Douglas, 1982; 1985). A locus, chvE, is involved in a synergistic 
induction of vir genes by plant phenolic compounds and sugars. chvD is concerned with 
the regulation of vir gene expression. Chromosomal virulence genes, chvG and chvI, have 
also been found to be required for tumor formation. (For review, see Gelvin, 2000; Zhu et 
al., 2000; Zupan et  al., 2000). The newly characterized chvH encodes a homologue of an 
elongation factor involved in protein systhesis (Peng, et al., 2001) 
 
1.1.5. Roles of katA and aopB genes on tumorigenesis 
Recently, two additional chromosomal genes that have been shown to be involved in 
Agrobacterium tumorigenesis, named as katA and aopB, were identified by our lab. katA 
is shown to encode a catalase that is involved in the detoxification of H2O2 released 
during Agrobactreium-plant interaction (Xu and Pan, 2000). katA can be induced by the 
plant tissue sections and by acidic pH on a minimal medium (Xu, et al., 2001) that 
resembles the plant environment the bacteria encounter during the course of infection (Li 
et al., 1999). 
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aopB is homologous to a Rhizobium gene encoding an outer membrane protein (Jia et al., 
2002). aopB can be induced in the induction medium with acidic pH in which the vir 
genes are expressed; but not by AS. It is also found to be required for the expression of 
the vir genes such as virB7. 
 
1.2. Mutagenesis of Agrobacterium tumefaciens with Mini-Tn5 transposon 
 
1.2.1 General Introduction of transposons 
Transposons are mobile DNA segments that can repeatedly insert into different sites in a 
host genome. They have abilities to ‘jump’ into new sites, to invert, and to undergo 
deletion or amplification, generally without the extensive DNA sequence homology 
needed or the rec gene functions required for classical recombination (Craig, 1989). 
Transposons have proven to be superb tools for many purposes in molecular genetics, for 
example, to generate insertion mutations, to affect gene expression by insertion into gene 
regulatory sequences, and to act as a selective marker when harboring some reporter 
genes such as antibiotic resistance genes, GFP fluorescence gene, etc. 
 
Generally, there are two types of prokaryotic transposon: 
 
Composite transposon: the complex transposon with gene in the center region (e.g. 
antibiotics resistance genes) and flanked by IS (Insertion Sequence) elements on both 
sides 
Non-composite transposon: the complex transposon with gene in center region but with 
repeat sequences other than the IS elements to carry out the transposition. 
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By inserting themselves into one or more sites of a genome, transposons can not only 
interfere the function of the interrupted gene but also bring us information about these 
genes. So transposons have been used widely for different purposes.  Some of the major 
applications are summarized below: 
 
 Gene mutagenesis and cloning: Transposons can insert and knock out genes 
that have specific phenotypes (Simon et al., 1989; Mermod et al., 1986). Once 
labeled with transposable elements, the sequences of theses genes can be easily 
obtained (Merriman and Lamont, 1993)  
 Alternation of gene expression: Some genes’ expressions are tightly controlled 
by special sequences. Once inserted by transposable element containing 
transcription-regulating elements, the expression level can be enhanced or 
reduced.   
 Insertion of foreign DNA fragments: For industrial or research purposes, some 
foreign DNA fragments (such as genes or selective markers) can be inserted 
intentionally into chromosome DNA by transposons to express the heterogeneous 
gene products or identify the mutant genes.      
 Promoter Probing: The detectable marker (reporter) genes in the transposable 
elements can be used to illustrate the structure of the operons and to analyze 
transcriptional or translational regulations (Miller, 1992; de Lorenzo et al., 1990; 
Berg et al., 1989).      
 Fusion expression: Transposons insert other genes (report genes) into the 
recipient genes and result in the fused transcription. This method is usually used 
in the structure analysis of proteins or purification (Kaufman and Taylor, 1997; 
Das and Xie, 1998; Manoil and Berkwith, 1985). 
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1.2.2. Gene identification by transposons 














Fig.1.1. A typical procedure of identifying bacterial genes by using a transposon 
The transposable elements were introduced into some locations of the target DNA by 
transposase (plasmids, which are not shown here, could also be the target DNA). The 
difference between the wild type and the mutant can be identified. And the transposable 
element can be used as probes or markers to obtain the flanking sequences. 
There are three major methods to fish out the flanking sequences: 
 
(1) DNA library and screening: There are two ways to obtain the flanking sequences. One 
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probe. The other is to set up the DNA bank of the wild type genome and then select the 
colonies that complement the observable phenotypes (Charles and Nester, 1993). 
 
(2) Antibiotic resistance screening: This method needs a vector to seize the DNA 
fragment harbouring the transposable element from the restriction-enzyme-digested total 
DNA, but the efficiency of useful ligation is very low. So if the fragment containing the 
transposable elements is large in size, it can hardly be ligated into the vectors. 
 
(3) Self-cloning assay: The total DNA is digested with restriction enzymes and then self 
ligated. This makes it unnecessary either to construct a DNA library or to use another 
vector. This method promotes the efficiency for gene cloning in vitro and can also be 
used to seize longer flanking sequences. But these transposons cannot be used in the 
hosts where the origin of replication can initiate the propagation of the transposons. 
 
1.2.3. Tn5 transposon and its derivative mini-Tn5 
Tn5 was discovered in 1975 (Berg et al., 1975).  In 1978, Beringer et al. constructed the 
first transposon donor vector loaded with Tn5. Tn5 is distinguished by its ability to move 
at relatively high frequency and with low target specificity in diverse bacteria. By far, the 
Tn5 transposon has proven to be of great utility for the insertion mutagenesis of a variety 
of Gram-negative bacteria (Berg, 1989; Simon et al., 1989). In addition, more effort has 
been invested to improve Tn5. An ideal Tn5 transposon system, mini-Tn5, has been 
developed and proven useful for genetic engineering in bacteria (Alexeyev et al., 1995; 




1.2.3.1. The structure of Tn5 
Tn5 is a 5.8 kb composite transposon that has terminal inverted repeats of the 1,533 bp 
insertion sequence IS50 (Fig.1.2.). The transposition is affected by the methylation within 
I end and the promoter of the transposase gene (tnp). IS50R encodes the transposase (tnp) 
required for the jump. And the whole sequence of Tn5 has been published in 1980s 












Fig.1.2. The structure of Tn5. IS50L and IS50R are terminal inverted repeats in Tn5; O 
is outside end of the IS50; I is inside end of IS50; p, promoter for the expression of the 
resistance genes; kan, kanamycin resistance; ble, bleomycin resistance; str, streptomycin 
resistance; tnp, gene encoding the transposase. The translation is initiated from 93 but the 
inhibitor protein was translated from 258. Upper case letters denote the nt of the ends that 
are in common; Lower case letters denote the nt of the ends that are divergent. 
 
 
IS 50L IS 50Rkan ble str




Inside(I) end: CTGtCTCTTgatCAgAtct 
Outside(O) end: CTGaCTCTTataCAcAagt
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1.2.3.2. The mini-Tn5 transposon 
Due to the fact that the wild type Tn5 contains two long inverted repeats, it is difficult to 
obtain the sequence information of the flanking fragments. As such, its application is still 
restricted. Hence the mini-Tn5 transposon and many of its derivatives have been 
constructed and widely used for the construction, manipulation and analysis of complex 
phenotypes in a wide range of Gram-negative bacteria (Alexeyev, et al., 1995; De 
Lorenzo, et al., 1990; De Lorenzo and Timmis, 1994; Herrero, et al., 1990). Mini-Tn5 
consists of an antibiotic-resistance marker flanked by 19-bp-inverted repeats of Tn5 that 
are essential for transposition (Berg and Mowe, 1989). In 1995, Alexeyev et al. designed 
new mini-Tn5 derivatives that allowed direct cloning of DNA fragments into an 
extensive polylinker located within the transposable units. The basic structure of mini-
Tn5 is show in Fig 1.3. The transposon in this series have several components in common: 


















Fig.1.3. The structure of conjugative mini-Tn5. The transposase gene (tnp) is placed 
outside the invert repeats. R6K (ori) is the R6K origin of replication. RP4 (mob) is the 
origin of transfer sequence of the auto-conjugative promiscuous plasmid RP4. I, O is the 
outside and inside ends of IS50, respectively. 
 
 
The R6K oriV provides a general suicide delivery system based on the narrow host range 
plasmid R6K and it can be maintained only in donor host strains that produce the R6K-
specific π protein. Donor plasmid containing the transposon can be maintained only by a 
trans-complementation of the π protein, no matter whether the gene encoding this protein 
is inserted in the host chromosome or cloned on a ColE1 plasmid derivative (Kolter et al., 
1978). The RP4 oriT supports the transfer of the plasmids into target bacteria. The 
mobilizations need to be complemented by the RP4 conjugative transfer operon, which 
can be easily integrated into the chromosome (Miller and Mekalano, 1988). Transposition 
of the transposon from the delivered suicide plasmid to the target cell was mediated by 
the transposase (tnp) on the plasmid at the site external (preferably place in cis to the 
cognate terminal sequences) to the transposable element (Way, et al., 1984; Dodson and 
Berg, 1989). The content of the transposable elements can vary, depending on the 
purpose by adding with different sequences. Commonly, an antibiotic selection marker 
(eg. ApR, KmR) and/or a particular reporter (eg. gfp, LacZ) can be placed into the 




(ori) I O tnp ApR 
Transposable element
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corresponding antibiotic must be effective under the selection condition required such as 
low pH.  
 
Mini-Tn5 has some advantages as summarized below: 
 
(1) The transposable elements do not provoke DNA rearrangements or other forms of 
genetic instability once they are inserted into certain location, because the cognate 
transposase gene is outside the transposable element. 
 
(2) The small size makes the mini-transposon much simpler to handle than the wild 
type transposon and makes the downstream cloning of the flanking sequences 
much easier. 
 
(3) The transposase gene does not maintain in the recipient and the mutant does not 
become immune to further rounds of transposition. 
 
(4) Mini-Tn5 facilitates subsequent manipulation of the mutants and allow for further 









1.3. General Introduction of chvG 
 
Bacteria live in precarious environments that include various rapid and unexpected 
changes in such conditions as nutrients, toxin levels, acidity, temperature, cell density, 
osmolarity, humidity and many other conditions. To survive in such ever-changing 
environments, bacteria have developed a series of regulatory mechanisms to adapt 
themselves to the varying conditions (Brooker, 1999). These regulatory processes could 
occur at many stages, such as the perception of external signals, transcriptional, 
translational and posttranslational steps of gene expression. Thus, bacteria can modify the 
synthesis of gene products appropriately in response to specific signals (Fernado, 2001). 
 
The simplest circuits have two protein components, called two-component sensory 
transduction systems, which account for a significant amount of the adaptive capacity of 
a diverse assortment of prokaryotic organisms (Albright et al., 1989). The two-
component regulatory systems consist of two protein components: a sensor that monitors 
some environmental parameter, and a response regulator that mediates an adaptive 
response, usually a change in gene expression or location in response to sensor signals, 
which are found in very different functional contexts in many bacterial species. Generally, 
bacterial two-component pathways control a dazzling array of functions, including cell 
division, virulence, antibiotic resistance, metabolite fixation and utilization, response to 
environmental stress, sporulation and toxins. Many two-component sensory transduction 
systems operate in plant-associated bacteria (Charles et al., 1992) and often control 




1.3.1. vir genes 
Agrobacterium tumefaciens genome contains at least 25 two-component pathways (Wood, 
et al., 2001; Goodner, et al., 2001). VirA-VirG, which controls the expression of the 
virulence (vir) genes located on the Ti plasmid that are required for causing crown gall 
tumors on plants, is the first two-component system identified in Agrobacterium 
tumefaciens (Stachel and Zambryski, 1986; Charles et al., 1992; Winans, 1992). virA and 
virG function to initiate the induction of the vir genes by sensing the plant signals, such 
as phenolic compounds, monosaccharides and acidic environment (Winans, 1992; Olson, 
1993). As the sensor, VirA is a 92 kDa membrane-bound histidine protein kinase (Chang 
and Winans, 1992; Leroux et al., 1987; Winans et al., 1989) and exists as a homodimer 
(Pan et al., 1993). virG encodes a sequence-specific DNA-binding protein which is a 
transcriptional activator (Pazour and Das, 1990). VirA/VirG-independent transcription of 
virG was induced strongly at low pH (Mantis and Winans 1992) and VirA/VirG 
dependent transcription of vir operons was maximal at low pH (Winans, 1992; Olson, 
1993). Recent studies showed that efficient vir gene induction in octopine and nopaline 
strains required virA, virG and vir boxes from the respective Ti plasmids, suggesting that 
quantitative differences existed in the interactions between VirG and vir boxes of 
different Ti plasmids (Krishnamohan, et al., 2001). 
 
1.3.2. chvG and chvI 
While the major interest in Agrobacterium tumefaciens virulence functions that focused 
on Ti plasmid-encoded genes, several chromosomal virulence genes have been identified 
and characterized. In an attempt to identify additional chromosomal virulence genes, 
TnphoA (Manoil and Beckwith, 1985) was used by Cangelosi et al. (1991) to generate 
insertion mutations in genes that encode proteins with extracytoplasmic domain, by the 
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rationale that certain virulence determinants are likely to be associated with the cell 
envelope. The resulting insertion mutants were screened for virulence on Bryophyllum 
diagremontiana leaves. Charles and Nester (1993) found that two of the avirulent 
mutants had lesions in a gene encoding a putative sensor protein, which was designed 
chvG. The adjacent cognate response regulator (chvI) was identified by additional 
sequencing of the region. The same two-component system chvG/chvI was identified 
independently by Mantis and Winans (1993) following complementation of an E. coli 
phoB mutant with members of an Agrobacterium clone bank.  
 
A. tumefaciens chvG and chvI genes are highly homologous to the Sinorhizobium meliloti 
exoS and chvI genes, respectively (Osteras et al., 1995; Cheng and Walker, 1998). In S. 
meliloti, ExoS and ChvI appear to regulate the production of succinoglycan, which plays 
a crucial role in establishing the symbiosis between S. Meliloti and its host plant alfalfa. 
Brucella abortus BvrS and BvrR, which control the cell invasion and virulence of B. 
abortus on animal cells (Sola-Landa, et al., 1998), are also homologous to ChvG and 
ChvI, respectively. 
 
ChvI is probably activated by phosphorylation, as are the other members of this protein 
familiy, such as VirG and PhoB (Jin, 1990; Makino et al., 1989). ChvI contains an 
aspartyl residue that is conserved within response regulators, which in some cases has 
been shown to be the site of phosphorylation (Parkinson and Kofoid, 1992). 
 
ChvG is autophosphorylated at His-352 (Jin, 1990; Stock, et al., 1989; Weiss and 
Magasanik, 1988) and the phosphate is subsequently transferred to an asparitic acid 
residue on ChvI. Either the initial phosphorylation of ChvG, the subsequent phosphate 
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transfer, or kniase or phosphatase activity is triggered by a signal detected by the 
regulator in its phosphorylated state, as are most response-regulator proteins (Stock, et al., 
1989). And it recognizes and binds to a specific DNA sequence upstream of the 
transcription start sit of the target gene(s). This consensus sequence is often associated 
with ATP-dependent transport processes, for which ATP hydrolysis is required (Blight 
and Holland, 1990; Higgins, et al., 1986). The location of this domain in a hydrophobic, 
potentially membrane-associated C-terminal segment of ChvG raises the possibility that 
ChvG has a transport function, either import or secretion, as well as a role in signal 
transduction (Charles and Nester, 1993). 
 
1.3.3. The putative sensor protein ChvG controls the expression of low pH-inducible 
genes in A. tumefaciens 
 
Microorganisms often encounter drastic pH changes both in natural and pathogenic 
situations. The responses of bacterial to extrems of pH are very important to their 
survival. Many bacteria, including A. tumefaciens, E. coli and Salmonella typhimurium, 
grow best at neutral pH, but they can also grow in moderate acid or base, with a positive 
or negative transmembrane pH difference. pH is an important parameter for many types 
of reactions, not only ionization of acids, but also solvolysis and oxidoreduction. 
Pathogenic bacteria often encounter extremes of pH both within and outside their hosts. 
During the infection process, the cells are exposed to low pH in the host. As a result, low 
pH is often one of the signals that induce virulence factors that contribute to pathogenesis. 
 
Bacteria respond to changes in internal and external pH by adjusting the activity and 
synthesis of proteins associated with many different processes, including proton 
 17
translocation, amino acid degradation, adaptation to acidic or basic conditions and 
virulence. Much work has been done on bacterial pH homeostasis and physiological and 
bioenergentic consequences of pH changes (Booth, 1985; Ingledew, 1990; Kroll, 1990; 
Padan et al., 1981). But it is not well established how pH regulates bacterial gene 
expression. 
 
Acidic pH is potentially an important signal in the interaction of Agrobacterium 
tumefaciens with the plant. In addition to the requirement for plant-wound-associated 
phenolic and monosaccharide-inducing signals, significant induction of the vir genes only 
occurs under conditions of acidic pH (Stachel, et al., 1985). The plant apoplast, especially 
after wounding, is acidic, because of leakage of acidic vacuolar contents (Grignon and 
Sentenac, 1991). A key environmental signal in the plant wounds is thus likely to be 
acidic pH.  
 
The requirement for acidic pH manifests itself on at least two levels of the signaling 
process during the early stages of infection. Transcription of virG can be induced from a 
heat-shock-like promoter in a VirA-independent manner in response to environmental 
stress stimuli such acidic pH (Mantis and Winans, 1992; Stackel and Zambryski, 
1986;Winans, et al., 1989). However, acidic pH-dependent transcription of virG from this 
promoter is not fully responsible to the acidic pH optimum for vir induction (Chen and 
Winans, 1991). In constract, other data show that multiple copies of virG can overcome 
the acidic pH requirement for vir gene induction (Manoil and Beckwith, 1985).  
 
It has been proposed that acidic pH is involved in the interaction of AS with VirA or a 
receptor molecule (Hess, et al., 1991). This is supported by earlier findings of a VirA-
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dependent aicidc pH optimum for induction (Melchers, et al., 1989). In general, there are 
two distinct pH-mediated responses of vir gene induction: VirA/VirG-independent 
transcription of virG, and VirA/VirG-dependent transcription of vir operons are maximal 
at low pH (Chen and Winans, 1991; Winans, 1990). The former response appears to 
increase the level of VirG at the early stage in the vir gene induction process. The VirG 
further activates its own transcription as well as the other vir promoters in a VirA/VirG-
dependent manner. However, induction of virG expression is not the only role for pH 
since expression of virG from Plac is not sufficient to induce the other vir promoters; low 
pH is also required (Chen and Winans, 1991). In addition to the very apparent role of 
acidic pH in vir regulon induction, it should be noted that the later steps of T-DNA 
processing and transport also occur in the plant-wounded site environment and may be 
similarly affected by pH.  
 
Two chromosomal genes, katA and aopB, have been identified to be inducible by an 
acidic pH and involved in A. tumefaciens tumorigenesis. katA encodes a catalase that is 
involved in the detoxification of H2O2 released during Agrobacterium-plant interaction 
(Xu and Pan, 2000). aopB is homologous to a Rhizobium gene encoding an outer 
membrane protein (Jia et al., ). aopB is located on the circular chromosome and katA on 
the linear chromosome (Wood, et al., 2001; Goodner, et al., 2001). 
 
ChvG is a putative sensor protein and chvG null mutants are highly sensitive to acidic pH, 
so ChvG-ChvI might be involved in the expression of acid-inducible genes. In this study, 
we showed that ChvG is involved in the expression of chromosomal genes aopB and katA 
and is also essential for the expression of vir genes. 
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1.4.  Objectives of this study 
The objectives of this study are the following: 
1. To further characterize the role of the sensor protein ChvG in A. tumefaciens 
signal transduction 
2. To determine and characterize the role of chvG in homologous recombination in A. 
tumefaciens 
3. To determine and characterize the homologous recombination events in both 



















2.  Materials and Methods 
2.1 Bacterial Strains, Plasmids and Media 
2.1.1 Bacterial Strains 
Bacterial strains and plasmids used in this study are listed in Table 2.1. 
Table 2.1. Bacterial Strains used in this study and their properties 
Name of Strains Relevant Properties Source or Reference 
E. coli   
DH5α SupE, ∆lacZ, hsdR, recA, endA,  gyrA, thi,  relA 
Sambrook et al., 
1989 
S17.1 (λpir) 
λpir lysogen, recA, thi, pro, hsdR-M+, RP4:2-
Tc:Mu:Km  Tn7TpRSmR 
De Lorenzo et al., 
1994 
A. tumefaciens   
C58 Wild-type, nopaline-type p TiC58 plasmid 
Cangelosi et al., 
1991 
A348 A136 (pTiA6NC) (octopine-type) 
Garfinkel et al., 
1981 
A6010 A348 Pho- Smr 
Cangelosi et al., 
1991 
A6340 A6007 chvG340::TnphoA (chvG-); Kmr 
Cangelosi et al., 
1991 
AG6 
Derivative of A348 containing katA::gfp with 
the GFP-tagged mini-Tn5 transposon at katA; 
Kmr, Gmr 
Xu and Pan 2000 
CGI1 Derivative of C58 containing aopB::gfp with the Jia, et al.,  
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CG9 Derivative of C58 containing 16S RNA::gfp 
with the GFP-tagged mini-Tn5 transposon at 
16S RNA; Kmr, Gmr 
 
This study 
CG19 Derivative of C58 containing GFP-tagged mini-
Tn5 transposon; Kmr, Gmr 
 
This study 
CG8 Derivative of C58 containing virH2::gfp with 




CG14 Derivative of C58 containing virB::gfp with the 




CGS28 Derivative of C58 containing virD4::gfp with 




A6010-AG6 A recombinant after the chromosomal DNA of 
AG6 was introduced into A6010 by 
electroporation; Kmr, Gmr 
 
This study 
A6010-CGI1 A recombinant after the chromosomal DNA of 
CGI1 was introduced into A6010 by 
electroporation; Kmr, Gmr 
 
This study 
A6010-CG9 A recombinant after the chromosomal DNA of 
CG9 was introduced into A6010 by 




A6010-CG19 A recombinant after the chromosomal DNA of 
CG19 was introduced into A6010 by 
electroporation; Kmr, Gmr 
 
This study 
A6010-CG8 A recombinant after the chromosomal DNA of 
CG8 was introduced into A6010 by 
electroporation; Kmr, Gmr 
 
This study 
A6010-CG14 A recombinant after the chromosomal DNA of 
CG14 was introduced into A6010 by 
electroporation; Kmr, Gmr 
 
This study 
A6010-CGS28 A recombinant after the chromosomal DNA of 
CGS28 was introduced into A6010 by 
electroporation; Kmr, Gmr 
 
This study 
A6340-AG6 A recombinant after the chromosomal DNA of 
AG6 was introduced into A6340 by 
electroporation; Kmr, Gmr 
 
This study 
A6340-CGI1 A recombinant after the chromosomal DNA of 
CGI1 was introduced into A6340 by 
electroporation; Kmr, Gmr 
 
This study 
A6340-CG9 A recombinant after the chromosomal DNA of 
CG9 was introduced into A6340 by 
electroporation; Kmr, Gmr 
 
This study 
A6340-CG19 A recombinant after the chromosomal DNA of 
CG19 was introduced into A6340 by 
electroporation; Kmr, Gmr 
 
This study 
A6340-CG8 A recombinant after the chromosomal DNA of  
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CG8 was introduced into A6340 by 
electroporation; Kmr, Gmr 
This study 
A6340-CG14 A recombinant after the chromosomal DNA of 
CG14 was introduced into A6340 by 
electroporation; Kmr, Gmr 
 
This study 
A6340-CGS28 A recombinant after the chromosomal DNA of 
CGS28 was introduced into A6340 by 
electroporation; Kmr, Gmr 
 
This study 
Plasmids   
pAG408 mini-Tn5::gfp-Kmr- Gmr; Apr; tnp; RP4 oriT- 
R6K oriV 
Suarez et al., 
1997 
pTZ19R Cloning vector; ColE1 ori; bla; Apr US Biochemical 
pBAD-GFPuv Cloning vector, carrying gfp following the PBAD 




2.1.2. Growth Media and Stock Solutions 
Growth media and stock solutions used in this study are described in Table 2.2. 







Bacto-tryptone:         10g 
Bacto-yeast extract:   5g 
NaCl :                        10g      pH7.0 
 
Sambrook et al., 
1989 




NaCl, 0.5g; 10ml of a 250mM solution of 
KCl; 
PH7.0; Sterilize by autoclaving; Before use, 
add 5 ml of a sterile solution of 2M MgCl2 
 
Sambrook et al., 
1989 
MG/L 
 LB                             500ml              
Mannitol                    10 g            pH7.0 
Sodium glutamate      2.32g           Sterilize by   
KH2PO4                                  0.5g           autoclaving 
NaCl                            0.2g 
MgSO4⋅7H2O              0.2g 




Cangelosi et al., 
1991 
AB 
50 ml 20x AB Salts                  
50 ml 20x AB buffer 
900 ml 0.5% glucose (Autoclaved separately, 
then mix)  
 





50 ml 20x AB Salts 
1 ml 20x AB Buffer 
8 ml 0.5M MES pH 5.5     60 ml 30% glucose   
         (Autoclave    separately, then mix) 
 
Cangelosi et al., 
1991 
20x AB Salts 
 20g  NH4Cl                   0.2g CaCl2 
 6g  MgSO4⋅7H2O       50mg FeSO4⋅7H2O 
 3g  KCl 
Cangelosi et al., 
1991 
20x AB buffer 
 60 g K2HPO4                 pH7.0 
 23 g NaH2PO4 
Cangelosi et al., 
1991 
0.5 M MES  97.6 g MES pH5.5 Cangelosi et al., 
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(pH5.5) 1991 
0.5 M MES 
(pH7.0) 
 97.6 g MES pH7.0 
Cangelosi et al., 
1991 
1000 × AS 14.6mg/ml acetosyringone in DMSO Cangelosi et al., 
1991 
a Preparation for 1 liter; b For solid media, 1.5% agar was added. 
 
E. coli were grown in LB at 37oC, while A. tumeficiens was cultured in MG/L, AB or IB at 
28oC. Antibiotics were used at the following concentrations in liquid medium: for E. coli, 
ampicillin (Ap), 50 µg/ml; kanamycin (Km), 25 µg/ml; gentamycin (Gm), 5 µg/ml; for A. 
tumefaciens, kanamycin, 50 µg/ml; gentamycin, 25 µg/ml. The concentrations of antibiotics 
were doubled when the bacterial cells were cultured on agar media. 
Antibiotics and other stock solutions used in this study are shown in Table 2.3. 



















100 100 -- 
kanamycin (Km) ditto 100 50 100 
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5 10 5 
Acetosyringone 













10 20 20 
 
2.1.3. Strains Storage 
A single bacterial colony was cultured in MG/L at 28oC (A. tumefaciens) or in LB at 
37oC (E. coli) overnight. The bacterial cultured was then mixed well with 100% sterilized 
glycerol in at 1:1 ratio. Bacterial stocks were stored at –80oC. 
 
2.2. DNA manipulations 
 
2.2.1. Plasmid DNA Preparation 
The method used was based on the protocal outlined by Sambrook et al., 1989 with some 
modifications. 
Table2.4. Solutions used in plasmid DNA preparation 
Name of Solution Preparation 
Solution I 25 mM Tris-HCl, 10 mM EDTA; 50 mM glucose; pH 8.0 
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Solution II 0.2 M NaOH; 1% SDS (freshly made) 
Solution III 3 M KOAc; 2 M HAc 
TE Buffer 10mM Tris-HCl, 1 mM EDTA, pH 8.0 
 
E.coli cells were spun down from 2 ml of overnight LB culture by centrifugation at 
10,000 rpm for 1 min. The pellet was resuspended in 100 µl of cold Solution I by 
vortexing. Then, 200 µl of freshly prepared Solution II was added and the tube was 
inverted gently to mix for six times. Next, 150 µl of cold Solution III was added and the 
tube was inverted immediately but gently for six times. After that, 200 µl of chloroform 
was added and mixed well by vortexing. The tube was left to stand for 2 min at room 
temperature. The mixture was then centrifuged at 14,000 rpm for 5 min and the resulting 
supernatant was transferred into a sterilized tube. Two volumes of ice-cold absolute 
ethanol or 0.6 volume of ice-cold isopropanol was added to the supernatant. The tube was 
left to stand for 2 min at room temperature. The mixture was centrifuged at 14,00 for 5 
min and the resulting supernatant was removed. The pellet was washed once with ice-
cold 75% ethanol before it was dried in a vacuum dryer. The dried pellet was then 
dissolved in 50 – 100 µl of TE buffer containing RNase (20 µg/ml). 
 
2.2.2. Total DNA Preparation 
Total DNA of A. tumefaciens was prepared as described previously (Charles and Nester, 
1993; Palumbo et al., 1998) with some modifications. A. tumefaciens cells were collected 
from 5 ml of overnight MG/L culture by centrifugation at 10,000 g for 1 min before the 
cells were washed once with 1 ml of TE buffer (10 mM Tris-HCl, 20 mM EDTA pH8.0) 
or ddH2O. Then the cells were resuspended with 800 µl of lysis buffer (10 mM Tris-HCl, 
20 mM EDTA pH 8.0, 0.5mg/ml proteinase K, 1% SDS, fresh made) before incubation at 
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68 oC in a water bath for 30 min. The lysed cells were extracted with a 1:1 mixture of 
phenol-chloroform once and then chloroform alone a few times until the mid-phase was 
disappeared. The tube(s) was centrifuged at 12,000 g for 10 min each time after the 
addition of reagent. The final supernatant was transferred into a fresh tube. Then 5 M 
NaCl was added to the supernatant to final concentration of 0.2 M. Two volumes of 95% 
ethanol was added and centrifuged at 12,000 g for 5 min to precipitate the total DNA. 
The pellet was washed once with 75% ethanol before dried in a vacuum dryer. The dried 
pellet was dissolved in 50 to 200 µl of TE buffer (10 mM Tris-HCl, 1mM EDTA, pH 8.0) 
with RNase (5 µg/ µl) and was stored at -20 oC. 
 
2.2.3. Polymerase Chain Reaction (PCR) 
The PCR amplification in this study was performed by using a GENIUS thermal machine 
(Techne Ltd, Cambridge) with Thermus aquaticus DNA polymerase (Taq DNA 
polymerase, recombinant, MBI Fermentas). 
PCR reaction (per 50 µl): 
10 × PCR buffer (without MgCl2) 5 µl 
25 mM MgCl2 4 µl 
Primer 1 (10 pmol/ µl) 1 µl 
Primer 2 (10 pmol/ µl) 1 µl 
dNTPs (10 mM each) 1 µl 
Template DNA 10 – 100 ng 
Taq DNA polymerase 1 µl 
Add ddH2O to a final volume of 50 µl 
 
2.2.4. DNA digestion, ligation and gel electrophoresis 
DNA digestion, ligation and gel electrophoresis were carried out following the 
instructions of Molecular Cloning (Sambrook et al., 1989). Restriction enzymes used 
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were purchased from New England BioLabs, Promega or MBI Fermentas. DNA analysis 
was performed by TAE-agarose gel electrophoresis. The agarose gel was prepared at 1% 
in TAE buffer (0.04 M Tris-HCl, 0.001 M EDTA, pH 8.0). 
 
2.2.5. DNA purification 
QiAquick Gel Extraction Kit (QIAGEN) was used in DNA purification following the 
agarose gel electrophoresis. The DNA fragment was excised from the agarose gel and the 
gel slice was weighed in a colorless Eppendorf tube. Three volumes of Buffer QG were 
added to 1 volume of gel. The gel was incubated at 50 oC for 10 min until slice has 
completely dissolved. 1 gel volume of isopropanol was added to the sample and mix. The 
sample was applied to the QIAquick column and centrifuged at 14,000 rpm for 1 min. 
The flow-through was discarded and QIAquick column was placed back in the same 
collection tube. To wash, 0.75 ml of Buffer PE was added to QIAquick column and 
centrifuged at 14,000 rpm for 1 min. The flow-through was discarded and the QIAquick 
column was centrifuged for an additional 1 min at 14,000 rpm. To elute DNA, 50 µl of 
Buffer EB (10 mM Tris-HCl, pH 8.5) or H2O was added to the center of the QIAquick 




2.3.1. Competent cells preparation and heat-shock transformation 
E. coli DH5α competent cells were prepared by using the simple and efficient method 




TB buffer: 10 mM Pipes 
55 mM MnCl2 
15 mM CaCl2 
250 mM KCl 
pH 6.7 
sterilized by filtration 
 
E. coli DH5α cells were freshly grown in LB at 37 oC  overnight. In the following days, 
200 µl of the overnight culture was inoculated into 100 ml of SOB medium in a 1-liter 
flask at room temperature with shaking (200 rpm). The culture was collected on ice when 
its optical density (A600) has reached between 0.6 to 0.8 by centrifuging at 4,000 rpm for 
10 min at 4 oC. The pellet was gently suspended in 20 ml of ice-cold TB buffer, 
incubated on ice for 10 min, and spun down at 4,000 rpm for 10 min. The pellet was 
gently resuspended in 5 ml of TB buffer before DMSO was added to a final concentration 
of 7.5% with gentle swirling. The resulting cells suspension was aliquoted in a volume of 
200 µl into frozen eppendorf tubes and stored at –80 oC immediately. When needed for 
transformation, the frozen competent cells were thawed on ice before the DNA of a 
ligation reaction was added (DNA : cells < 5%) and the whole mixture was 
subsequencely incubated in an ice bath for 30 min. The mixture was heat-shocked at 42 
oC for 90 sec, then immediately transferred to an ice bath and cooled for 1-2 min. 
Thereafter, 800 µl of SOC was added into the mixture and incubated in a 37 oC water bath 
for 45 min. The cells was collected at 5,000 rpm, spread on LB agar plates containing the 




2.3.2. High efficiency electrotransformation 
 
Electrocompetent A. tumefaciens cells were prepared as previously described (Dower et 
al., 1988). Overnight-cultured A. tumefaciens cells were used as competent cells. The 
cells were collected from MG/L plates into a cold, 1.5 ml polypropylene tube with 1 ml 
of ice-cold ddH2O and were suspended gently. The cell pellet was collected at 14,000 
rpm for 1 min. The pellet was resuspended in 1 ml of ice-chilled 15% glycerol. The pellet 
was collected at 12,000 rpm for 1 min. The steps 2 &3 were repeated for 2 or 3 times. 
Then 50 µl of 15% ice-cold glycerol was added to the final pellet and then resuspended 
gently. 2-5 µl of plasmid (or genomic) DNA was added to the resuspended cells and was 
mixed gently. The mixture was transfered into a chilled 0.2-cm Bio-Rad electroporation 
cuvette. The Bio-Rad Gene Pulser apparatus was set to 25 µF capacitor, 400Ω and a 
single 2.5 kV electrical pulse. Thereafter, 800 µl of MG/L was added immediately 
following the electrical pulse. The electroporated cells were incubated at 28 oC for 2-4 
hours with shaking. The cells were spread on an appropriate selection medium and 
incubated at 28 oC for 2-3 days. 
 
2.4. Fluorescence assay in vivo  
 
Fluorescence measurement was performed following the instruction previously described 
(Tang, et al., 1999) with some modifications. A. tumefaciens cells with the appropriate 
fusions were cultured on MG/L agar plates at 28 oC for 2 days. The cells were transferred 
to AB agar plates at 28 oC for 2 days. Then the cells were transferred to IB agar plates 
buffered at pH 5.5 or pH 7.0. For the baterial cells containing the virB::lacZ, virH::lacZ 
and virD::lacZ fusions, 100 µM acetosyringone (AS) was added into the IB media to a 
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final concentration of 100 µM to induce the vir genes expression. The cells were 
collected from agar plates and resuspended in water. The absorbance (OD600) of the cell 
suspension was measured to estimate the cell concentration. The fluorescence intensity 
(Iabs) of 200 µl of cell suspension (about 8 × 108 cells) was recorded using Luminescence 
Spectrometer LS50B (Perkin Elmer). The excitation wavelength used was 423 nm while 
the emission wavelength was set to 509 nm. And the wavelength slit was set to 2.5 nm. 
Water was used as the blank while A. tumefaciens C58 or A348 was set as the control. 
The relative fluorescence intensity (Ir) was calculated based on the following formula: Ir 
= Iabs/OD600-Ic/ODc, where Ic is the Iabs of A. tumefaciens of the control and ODc is the 
OD600 of the A. tumefaciens of the control. 
 
2.5. Southern Blot Analysis 
ECL Random Primer Labelling System Version II from Amersham Pharmacia Biotech 
UK Limited was used for the whole Southern Blot Analysis including the labeling, 
hybridization, washing and signal detection. 
 
2.5.1. Solutions Required 
Solutions needed for Southern blotting are listed in Table 2.5. 
 
Table 2.5.  Solutions for Southern Blotting 
Name Components 
Depurination Solution HCl, 250 ml, 10 M concentrated HCl 1:40 diluted 
Denaturatoin Solution NaCl, 1.5 M; NaOH, 0.5 M 
Neutralization Solution NaCl, 1.5 M; Tris-HCl, 0.5 M; pH 7.5 
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20 × SSC Na3Citrate, 0.3 M; NaCl, 3 M 
Buffer A Tris-HCl, 100 mM; NaCl, 600 mM; pH 7.5 
50 × TAE Tris-HCl, 2 M; EDTA, 50 mM 
Hybridization Buffer 5 × SSC; 0.1% (w/v) SDS 
5% (w/v) dextran Sulphate (Sigma D-6001) 
20 fold dilution of liquid block 
Conjugate Solution 1000 fold diluted the anti-fluorescein-HRP conjugate in 
freshly-prepared buffer A with 0.5% (w/v) BSA  
 
2.5.2. Probe Labeling 
Primer used in Probe Labelling was derived from the gfp fragment that was purified 
(using QIAGEN kit as described in section 2.2.5 earlier) after PCR. The template used in 
the PCR was the plasmid pBAD-GFPuv. 
 
Table 2.6. Probe labeling for Southern blotting 
Name Quantity 
Nucleotide mix 10 µl 
Primers 5 µl 
Denatured DNA > 50 ng 
Enzyme (Klenow, 5 U/ µl) 1 µl 
ddH2O 34 µl 
 
The various components listed in Table 2.6 were mixed well and incubated in a 37 oC 
water bath for 1 hour. The mixture containing the labeled probe was preserved at -20 oC 
and to be denatured before each use. 
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2.5.3. Southern Blot 
 
Electrophoresis of DNA (digested by Sph I overnight) was performed at 80 V in 1% 
agarose gel for 2.5-3 hours. The gel was processed sequentially with the steps of 
depurination for 10 min, denaturation for 25 min and neutralization for 30 min at room 
temperature with gentle agitation. The DNAs were transferred from the gel to a Zeta-
Probe GT Membrane (Bio-Rad) by vacuum blotting at 70 mmHg for 2 hours by using the 
PosiBlot 30-30 Pressure Blotter (Stratagene). DNAs were crosslinked to the membrane 
under UV light for 2 min. The membrane was prehybridizated at 60 oC for more than 1 
hour. The labeled probe (prepared earlier) was denatured before it was added into the 
hybridization buffer to allow overnight hybridization. The blot was washed sequentially 
by different stringency wash solutions 1 × SSC, 0.1% SDS at 65 oC for 2 × 15 min 
followed by 0.5% SSC, 0.1% SDS at 65 oC for 10 min. The blot was subsequently placed 
in a clean container and rinsed with buffer A for 1 min with 2 ml of buffer A for every 1 
cm2 of membrane. The blot was rinsed with a 20-fold diluted liquid block in buffer A for 
30 min. The blot was placed in an appropriately sized container and was incubated in 
freshly made conjugate solution for 30 min. The blot was rinsed for 3 times in buffer A 
containing 0.1% (v/v) TweenTM-20. Thereafter, the blot was immersed in a 1:1 mixture of 
ECL buffers for 1 min. The blot was then exposed for appropriate time before the 







2.6. DNA Sequencing and Analysis 
 
The right side of Mini-Tn5-gfp transposon insertions into genomic DNAs of different 
recombinants of A. tumefaciens in the absence of chvG were examined by DNA 
sequencing. 
 
2.6.1. The analysis of strains using DNA sequencing 
 
Table 2.7. The strains of A. tumefaciens and their characteristics 
Name of Strains Relevant Properties 
A6340-AG6-a 
                    -b 
katA::gfp; chvG- 
A6340-CGI1-a 
                      -b 
aopB::gfp; chvG- 
A6340-CG14-a 
                      -b 
virB::gfp; chvG- 
A6340-CG8-a 
                    -b 
virH2::gfp; chvG- 
A6340-CGS28-a 
                        -b 
virD4::gfp; chvG- 






2.6.2. Samples Preparation  
 
The total DNAs of the aforementioned strains were digested separately with SphI and 
electrophoresed on 1% agarose gel. The DNA fragments of these sizes that corresponded 
with the result of Southern blot were cut away from the gel and purified as described in 
section 2.2.5. The DNA fragments were cloned into pTZ19R that had been digested with 
SphI. The transformants that were resistant to both Ampicillin and Kanamycin were 
selected and their plasmid DNAs verified by restriction digestion. The resulting plasmids 
(should contain the fragment including the mini-Tn5-gfp element and the flanking 
sequences) were sequenced with ABI PRISMTM 377 DNA Sequencer (Perkin Elmer) 
using oligonucleotide primers, Oligo16, Oligo 30, Oligo 31, Oligo –40 and reverse (Table 
2.8). 
 
2.6.3. Automatic Sequencing Reaction 
 
Sequencing reaction was performed using ABI PRISMTM BigDyeTM Terminator Cycle 
Sequencing Ready Reaction Kit (PE Applied Biosystems), according the manufacture’s 
instructions. To prepare the samples for sequencing, the cycle reaction was run by using a 
Thermal Cycler using protocol below: 
 
Reaction Mixture 
Terminator Ready Reaction Mix 8.0 µl 
Template (plasmid DNA) 400-500 ng 
Primer 3.2 pmol 
Add deionized water to a final volume 20 µl 
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Reaction Program: 
25 cycles: 96 oC  15 sec 
  50 oC  5 sec 
  60 oC  4 min 
 
Purification: 
The entire content of each extension reaction, together with 2.0 µl of 3 M 
Sodium acetate (pH4.6) and 50 µl of ice-cold 95% EtOH, was added into a 1.5 
ml eppendorf tube. The mixture was votexed briefly and then incubated at 
room temperature for 10 min before being centrifuged at 14,000 rpm for 18 
min. The pellet was rinsed with 250 µl of 70% EtOH once and allowed to dry 
briefly. 
The dried pellet was then dissolved in 6 µl of loading dye (deionzied formamide: 25 mM 
EDTA, pH 8.0 and 50 mg/ml blue dextran at 5:1) and denatured at 95 oC for 3 min. The 
samples were stored below 4 oC until they were ready to be loaded into a sequencing gel. 
For each sample, 2 µl was loaded. 
 
2.6.4. Sequence Analysis 
 
The sequences (obtaining from the DNA Sequencer after the gel run of the sequencing 
reaction sample) were analyzed for homology to sequences in the databases by using the 





2.6.5. Efficiency of transformation 
 
The quantities of DNA and bacteria used were recorded. 3 µl, or 15 µl separately. DNA 
was transformed into 1 ml of two strains of A. tumefaciens (OD600 = 0.1). The number of 
the colonies after transformation was counted. To calculate the efficiency of 
transformation, we used the formula:  
 
Efficiency = No. of Colonies / Quan . of A. tumefaciens / Quan. of DNAs 
 






















3.1. Preparation of recombinant Agrobacterium tumefaciens strains 
 
To determine the role of chvG in regulating homologous recombination in Agrobacterium 
tumefaciens, we first obtained the recombinant strains between chvG+/chvG- and other 
genes. After obtaining genomic DNAs from Agrobacterium CG19 (Kmr, Gmr), CG9 (16S 
RNA-::gfp, Kmr, Gmr), AG6 (katA-::gfp, Kmr, Gmr), CGI1 (aopB-::gfp, Kmr, Gmr), CG14 
(virB-::gfp, Kmr, Gmr), CG8 (virH2-::gfp, Kmr, Gmr) and CGS28 (virD4-::gfp, Kmr, Gmr), 
we introduced the genomic DNAs into Agrobacterium A6010 (chvG+) and A6340 (chvG-) 
respectively by electroportation to obtain homologous recombinant strains. A6010 is 
wild-type chvG positive A. tumefaciens strain, whereas A6340 is chvG340::TnphoA 
mutant with Km resistance. To screen for the recombinant strains after electroporation, 
we used MG/L plates with Km (50 µg/ml) for A6010 recombinant strains and MG/L 
plates with Km (50 µg/ml) and Gm (50 µg/ml) for A6340 recombinant strains. All the 
plates were cultured at 28°C for 3 to 4 days. Two single colonies were randomly selected 
from every recombinant strains for further study. 
 
3.2. Southern analysis of recombinant strains 
 
To find out whether the recombination occurred homologously, we used Southern blot to 
show the difference between A6010-recombinant strains and A6340-recombinant strains. 
The genomic DNA from all the recombinant strains was first digested with SphI. ECL 
Random Primer Labelling System Version II (Amersham Pharmacia Biotech UK Limited) 
was used for Southern analysis, including labeling, hybridization, washing and signal 
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detection. gfp fragment amplified from PCR was used as the hybridization probe. The 
template probe used in the PCR was pBAD-GFPuv and the primers used in the PCR were 
shown below: 
 
Table 3.1. Primers used in probe preparation for Southern blot. 
 
Primer DNA Sequence  Source or Reference 
GFPuv1 GCGGATCCATGGCTAGCAAAGGAG This study 
GFPuv2 GCGGATCCTTTGTAGAGCTCATCA This study 
 
The samples for Southern blot were listed in Table 3.2. 
 
Table 3.2. A list of samples for Southern blot  
 
No. Name of Strains Relevant Properties 
1 A348 chvG+, gfp- 
2 C58 chvG+, gfp- 
3 A6010 chvG+, gfp- 
4 A6340 chvG-, gfp- 
5 CG19 gfp+ 
6 A6010-CG19 chvG+, gfp+ 
7 A6340-CG19 chvG-, gfp+ 
8 CG9 16S RNA-, gfp+ 
9 A6010-CG9 chvG+, 16S RNA-, gfp+ 
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10 A6340-CG9 chvG-, 16S RNA-, gfp+ 
11 AG6 katA-, gfp+ 
12 A6010-AG6 chvG+, katA-, gfp+ 
13 A6340-AG6 chvG-, katA-, gfp+ 
14 CGI1 aopB-, gfp+ 
15 A6010-CGI1 chvG+, aopB-, gfp+ 
16 A6340-CGI1 chvG-, aopB-, gfp+ 
17 CG14 virB-, gfp+ 
18 A6010-CG14 chvG+, virB-, gfp+ 
19 A6340-CG14 chvG-, virB-, gfp+ 
20 CG8 virH2-, gfp+ 
21 A6010-CG8 chvG+, virH2-, gfp+ 
22 A6340-CG8 chvG-, virH2-, gfp+ 
23 CGS28 virD4-, gfp+ 
24 A6010-CGS28 chvG+, virD4-, gfp+ 
25 A6340-CGS28 chvG-, virD4-, gfp+ 
 
The first four strains were used as controls, including A348 (wild type of AG6), C58 
(wild type of CG19, CG9, CGI1, CG14, CG8 and CGS28), A6010 and A6340. From No. 
5 to 25, every three strains were organized as a group, including the original strain and 














Fig. 3.1. Southern blot analysis of recombinant strains 
          The genomic DNAs were digested by SphI. The gfp fragment was used as the probe. The  










































































































































































































As shown in Fig. 3.1, the sizes of different hybridized bands implied that recombination 
influenced in every group differently. It indicates that something had changed in the 
transposable element inserted in the genomic DNAs in some recombinant strains. So we 




3.3. Sequence analysis of recombinant strains 
 
To determine what happened in the recombinant strains, sequence analysis was 
performed after Southern blot analysis. For each type of recombinant strain, we chose 
two single colonies for DNA sequencing. 
 
Genomic DNA from a recombinant strain was digested by SphI and then separated by 
TAE-agarose gel electrophoresis for 2-3 h at 80V. The agarose gel was prepared at 1% in 
TAE buffer. The gel fragment was cut off under long-wavelength UV following the size 
of the fragment shown in Southern blot result (Fig 3.1). The DNA fragment in the gel 
was purified by QIAquick Gel Extraction Kit (QIAGEN) before it was cloned by T4 
DNA ligase at 16°C overnight into the plasmid pTZ19R that was pre-digested by SphI. 
The resulting plasmid was transformed into DH5α, and positive colonies were selected 
on LB plate supplemented with Amp50 and Gm50. Six primers were used for DNA 
sequencing: Oligo 16, Oligo 29, Oligo 30, Oligo 31, Oligo –40 and reverse. The 















Fig. 3.2. Ligated plasmid and primers used in DNA sequencing 
              No. 1-6 show the six primers used in the sequencing, which are 
              1. Oligo 31 2. Oligo 16 3. Oligo 30 4. Oligo 29 5. reverse 6. Oligo –40 
 
O I 
atpE gfp aphA-3 Gmr 
: genomic DNA fragment from recombinant strain





The primers used for DNA sequencing are shown in Table 3.3. 
 
Table 3.3. Primers used for DNA sequencing 
Primers DNA sequence Source or Reference 
Oligo 16 5’-CCGTATGTAGCATCACC-3’ This study 
Oligo 29 5’-ACGGGAAGAAGTGATGC-3’ This study 
Oligo 30 5’-AGATCTGATCAAGAGAC-3’ This study 
Oligo 31 5’-ACTTGTGTATAAGAGTC-3’ This study 
Oligo -40 5’-GTTTTCCCAGTCACGAC-3’ This study 
reverse 5’-AGGAAACAGCTATGACCATG-3’ This study 
 
 
To show the results of DNA sequencing, we use the plasmid p(A6340-CG14-a) as an 
example. Fig 3.3 toFig 3.8are parts of the sequencing results of p(A6340-CG14-a) using 













1                GTGCCCATTAACATCACCATCTAATTCAACAAGAATTGGGACAACT 
47              CCAGTGAAAAGTTCTTCTCCTTTACTCATTATGAGTCTCCAGTTTGT 
95              TTCAGTTAAAACGTAGTAGTGTTGGTAAATTACTCGAGCGGGGGTA 
142            CCGGCCCCCCCCTCGAGGTCGACGGTATCGATAAGCTTGATATCGA 
189            ATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGCCGCCACC 
236            GCGGTGGAGCGCGTCAATTCGAGGGCCGCACTTGTGTATAAGAG 
280            TCAGGATCGGCCTTGAGGGCTTCGACATCAAGCGTCTTCAGCGCT 
326            TCGCGGTAGTTGAAGGAGGTGCCGAGCGGATTGGTCTTGGTGTCG 
372            TGCTGATGCAGGATGTCGAGGTTTAGCGCGTTCGGCCACCATTCGG 
419            TCACCGATTTGCCGGAGGCCGTATTGCCTCCATGCATGACGGGACA 
466            CTTGCCAGCCGGTTTTGAAGTTGCGTCCATTTCGCCCTCCGATGGG 
513            ATTAGCAATTAAACAAATTATCAGTTCGACATGTGCAGCATTCCGA 
560            GCCAGAGGCAGCGGCAGGTCTCAAACGACCTGCTGCGATGCCCGA 
606            TGATCATCCACAAGCTACAGCTTCTTTCTGTCATGAAGATGACTAA 
653            CAGCCGGGTTCCATAATTTCCAAATGTATATTCTAAAAGGCTGCGA 
700            TATGCTGAGCTTATGATTGCCCTCTTCCATGAAACATCTCCGTTATT 
748            TCGATGCGCTGGCCAAAATCGGNCATTTCGGGCGCCGCGGNGGAA 
794           GCCTGCGCCATCTCCANNCTGNACTTGTCTTTGCAGATCCGGGAAC 
841            TGGAGGGAATTGATCCGGTGCCGCCGTTCGTCGAACGCGGGNAAG 
887            CCGCCAAATCCGGNTTACCGGGNCTTGGGGACCAAATTTGCCGAG 
932            CGCNCCCGGGCAATCCTGGNTNGGGGGACCAAATTGCAGGATCTG 
979            GCNCCCCCAAGGCATTGGGCCTTTTNAAGGGCCCCTTGNGCANTT 
Fig. 3.3. The result of DNA sequencing of recombinant strain using primer Oligo16 
   The bold letters indicates the sequence of O End of the transposable element of  
Mini-Tn5-gfp, followed with DNA fragment from genomic DNA of recombinant   
strains 
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1              AGGNAGGTGNNGNGACNCCTGAAAGCCCGNCCCTAACAATTCGTTC 
47            AAGCCGAGATNTCTTCCCGGCCGTNNCGTCAATTCGAGCGCNTTNAT 
95            TCGAGGGCCGCGGCCTAGGCGGCCAGATCTGATCNTTNAGACAGA 
141          GGCCGATCTGCGCGCGCTTATGACCGACAGCCAGGAATGGTGGCCG 
188          GCCGACTGGGGCAGTTATGTCGGCATGATGGCCCGTGTTACCTGGC 
235          ATGCAAGCTTTCCCTATAGTGAGTCGTATTAGAGCTTGGCGTAATCA 
283          TGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCC 
331          ACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCC 
378          TAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGC 
426          TTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCC 
473          AACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCC 
522          TCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCCGG 
571          TATCAGCTCACTCAAAGGCGGNAATACGGGTATCCACAGAATCANG 
618          GGGATAACGCAGGAAAAGAACATGTGAACAAAANGCCAGCAAAAN 
664         GGCAGGAACCGTAAAAAAGGCCGCGTTGCTGGCGTTTTTTCATAAGC 
712         TNCCGCCCCTGACGAGCATACAAAAATCGACGCTCAAGCAAAAGNG 
759         GGGAAANCCCGNCAGGACTNTTAAAGATCCAGCCGTTTCCCCCTNG 
806         NAAGCTCCTTGTGCGCTNTTCTGNTCCNACCTGCCGGTTACCGGGAA 
854         CCTGGGCCGCCTTTTTTNCCTTTGGGGAAAGGGGGGNGCTTTTTCAA 
902         AAACTAACNCTGGANGGATTTCAAATTCGGGGGNANGGGCGGTCNC 
949         TCCCAAACTNGGGCTTNGGNGCCCAAACCCCCCGTTAAAACCCCANC 
996        CGTGGGCCCTTATACGGGAAACTTTNGGNTTTGAAGTCCAACCCCGG 
Fig. 3.4. The result of DNA sequencing of recombinant strain using the primer Oligo29 
   The bold letters indicates the sequence of I End of the transposable element of  
Mini-Tn5-gfp, followed with DNA fragment from genomic DNA of recombinant  
strains 
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1               GGNNNNNNAANTTNAGCCTTNNTCGACNCAAGCGTCTTAGCGCTTC 
47             GCGGTAGTTGAAGGAGGTGCCGAGCGGATTGGTCTTGGTGTCGTGC 
94             TGATGCAGGATGTCGAGGTTTAGCGCGTTCGGCCACCATTCGGTCA 
141           CCGATTTGCCGGAGGCCGTATTGCCTCCATGCATGACGGGACACTT 
188           GCCAGCCGGTTTTGAAGTTGCGTCCATTTCGCCCTCCGATGGGATTA 
236           GCAATTAAACAAATTATCAGTTCGACATGTGCAGCATTCCGAGCCA 
282           GAGGCAGCGGCAGGTCTCAAACGACCTGCTGCGATGCCGATGATCA 
330           TCCACAGCTACAGCTTCTTTCTGTCATGAAGATGACTAACAGCCGG 
377           GTTCCATAATTTCCAATTGTATATTCTAAAGGCTGCGATATGCTGAG 
425           CTTATGATTGCCCTCTCCATGAAACATCTCCGTTATTTCGATGCGCT 
473           GGCCAAAATCGGCCATTTCGGGCGCGCGGCGGAAGCCTGCGCCATC 
520           TCCCAGCCTGCACTGTCCTTGCAGATCCGGGAACTGGAGGAATTGA 
567           TCGGTGCGCCGCTCGTCGAACGCGGCAGCCGCCAGATCCGNCTGAC 
613           GGCGCTTGGNGACGAATTTGCCGANCGCACCCGGGCNATCCNTGCG 
660           TTCGGNGNACGAATTGCANGATCTGGCGCGCGCAGGNCATGGNCTT 
707           TTAAATGGCCGCCTGTCATCGGNNNTATTCCCACCGTNTACCCTATC 
755           TTTTGCGAAGGTGATCAGAACTACNGCNNNCTACNNGTCTGNANCA 
802          CCCCGNCGAGNGGN 
 
Fig. 3.5. The result of DNA sequencing of recombinant strain using the primer Oligo31 
As shown in Fig. 3.2., Oligo31 helped obtain the sequences of genomic DNA  





1               GNNGNNNNAATNCNGAGCTCTTTGANTATCCCCGACAGCCTGAATG 
47             GTGGCCGGCCGACTGGGGCAGTTATGTCGGCATGATGGCCCGTGTT 
94             ACCTGGCATGCNAGCTTTCCCTATAGTGAGTCGTATTAGAGCTNGG 
141           CGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTC 
189           ACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCC 
235           TGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCT 
282           CACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTA 
329           ATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCG 
375           CTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGC 
423           TGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATC 
470           CACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGG 
516           CCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTT 
562           TTTCCATAGGCTCCGNCCCCCTGACGAGCATNACAAAAAATCGACG 
609           CTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATTAAGATACCA 
655           GGCGTTTCCCCCTGGAAGCTCCCTNGTGCGCTCTCCTGTTCCGACCC 
703           TTGCCGTTTACCGGATACCTGTCCGCCTTTCTCCCTTNGGAAGCGTG 
751           GGCTTTTTATAACTTACCCTNTAGGTATNNTAATTCGGNGTNNGCCT 
799           TCGCTTCNAGCTGGCTGGNGCACNACCCN 
 
Fig. 3.6. The result of DNA sequencing of recombinant strain using the primer Oligo30 
As shown in Fig. 3.2., Oligo30 helped obtain the sequences of genomic DNA  





1                CTCTAATACGACTCACTATAGGGAAAGCTTGCATGCCAGGTAACAC 
47              GGGCCATCATGCCGACATAACTGCCCCAGTCGGCCGGCCACCATTC 
94              CTGGCTGTCGGTCATAAGCGCGCGCAGATCGGCCTCTGTCTCTTGA 
141            TCAGATCTGGCCGCCTAGGCCGCGGCCCTCGAATTGACGCGCTCGA 
188            ATTGACGCGTCGGCCGGGAAGCCGATCTCGGCTTGAACGAATTGTT 
235            AGGTGGCGGTACTTGGGTCGATATCAAAGTGCATCACTTCTTCCCG 
282            TATGCCCAACTTTGTATAGAGAGCCACTGCGGGATCGTCACCGTAA 
329            TCTGCTTGCACGTAGATCACATAAGCACCAAGCGCGTTGGCCTCAT 
376            GCTTGAGGAGATTGATGAGCGCGGTGGCAATGCCCTGCCTCCGGTG 
423            CTCGCCGGAGACTGCGAGATCATAGATATAGATCTCACTACGCGG 
469            CTGCTCAAACTTGGGCAGAACGTAAGCCGCGAGAGCGCCAACAAC 
515            CGCTTCTTGGTCGAAGGCAGCAAGCGCGATGAATGTCTTACTACGG 
562            AGCAAGTTCCCGAGGTAATCGGAGTCCGGCTGATGTTGGGAGTAG 
608            GTGGCTACGTCTCCGAACTCACGACCGAAAAGATCAAGAGCAGCC 
654            CGCATGGATTTGACTTGGTCAGGGCCCGAGCCTACATGTGCGAATG 
701            ATGCCCATACTTGAGCCACCTAACTTTGNTTTANGGCGACTGCCCT 
748            GGTTGCGTAACATCGTTGCTGCTGCGTAACATCGTTGCTGCTNCAT 
795            ACATCAAACATCGACCCACGGNGTAACGCGCTTGTTGTTGGATGCC 
842            CGANGCATAACTGGTNCAAAAAAACAGTCATACAAGCCATGAAAA 
888            CCGCNCTTGGCCGTTACCACCCGTTGNGTTCGGGCAAGGGTTTTGG 
935            ACCAANTGCGTGAAGCGCATACCCTTNTTTGGNTTAAAGNTTACGA 
982            ACCCGAACAGGCTTATGTNAATTTNGAGAATTGCCCCGTCCCCGGN 
Fig. 3.7. The result of DNA sequencing of recombinant strain using the Reverse primer 
As shown in Fig. 3.2., Reverse primer helped obtain the sequences of genomic  
DNA fragment from recombinant strains and the transposable element of Mini- 
Tn5-gfp from its O End 
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1                GGATTTTATNCCTAGCTCTAATACGACTACTATAGGGAAAGCTNGC 
47              ATGCCGGCATCCTCCATCGGCCGTACCAGAATGAATTCTTCCGAAA 
94              ATAGCGGCACTTCTTCCAGCGCCGGTTCCGAGACGGTCAGCGCAG 
140            ACGATTGCCATGTCGAGCCGGGCTTCGAGAAGGTCTTCGATGAGCT 
187            TCTGCGTCACCGCCTCGCGCGGGCGTGCTTCCAGTCCGGGATAGTG 
234            CCGCGTTAGTGTCTTGATCACCTGCGGCAGAAGATAGGGTGCGACG 
281            GTGGGAATGACACCGATGCGCAGGCGGCCGCTGAGAGGGCCATGC 
327            CCTGCGCGCGCCANATCCTGCAATTCGCCACCGAACGCAGGATTGC 
374            CCGGGTGCGCTCGGTAAATTCGTCACCAAGCGCCGTCAGCCGGATC 
421            TGGCGGCTGNCGCGTTCGACGAGCGGCGCACCGATCAATTCCTCCA 
468            GTTCCCGGATCTGCNATGGACAGTGCAGGCTTGNGAGATGGNGCA 
514            GGCTTCCNCCGNGNNCCCGNAAATGGCCGATTTTTTCCAGCTCATT 
561            NAAATAACNGAGATGTTTCATGGANAGGGCANTNATTAGCTCANC 
607            TTTATTCGCAAGGCTTTTGNATATACAATTGGAAATNTGNGAACCC 
654            NCTGTTAGTCATCTTCATGACANAAAGAACCTNTAACTTTGGATGA 
701            TCTTCGGCCTCNAACAAGTCNTTTGAGACCTGCCGCTGCNTTTGCT 
748            NGGAATGCTTGNCATGTTAAACNTGATNATTTGTTAATCGTAATTC 
795            CAATCGNAGGGCNGANATTNACTCAANTTCNAAAACCGGNTTGTA 
841            AAGTNTTCCNGTNANGCATTTAAGGCATTTNCGGCCTCCNGTAAAT 
888            TTTNANCCTATTGNGNGTCANAAANNNTTAAACTTGGTNTTCTNGT 
935            TTAACTCNATNCCAAAACAANCTGGTTNNGTCNTTCTTTTAANTAC 
982           CCCGNAAAAGGTTTAAAAACCCTTNTTTTCAACCCCTAAAAGCCTT 
Fig. 3.8. The result of DNA sequencing of recombinant strain using the primer Oligo –40 
As shown in Fig. 3.2., Reverse primer helped obtain the sequences of genomic  
DNA fragment from recombinant strains and the transposable element of Mini- 
Tn5-gfp from its I End 
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The sequences were analyzed for homology in the databases by using the BLAST 
program (Altschul et al., 1990) at Internet web site (www.ncbi.nlm.nih.gov/BLAST). The 











Fig. 3.9. The result of DNA sequencing of A6340-recombinant strains 
1 to 2479 shows the length of katA gene; O and I are two ends of the transposable 
element of Mini-Tn5-gfp from original strains before recombination; 515 and 507 
demarcate the site where the transposable element has inserted into katA gene. 
 
 
Different recombination models have been developed to explain the results observed after 
conjugation in E. coli and the results from transduction and genetic transformation 
experiments. Most of recombinations belonged to homologous recombination, in which 
DNA fragment from the donor strain will exchange with the same locus of DNA of the 























Fig. 3.10. Homologous recombination in the presence of chvG 
A: DNA fragment from the donor strain (here is that of CGI1, with transposable element 
from Mini-Tn5-gfp inserted into aopB). B: genomic DNA from the receptor strain (here 
is that of A6010); C: DNA of the resulting recombination strain (A6010-CGI1).  
 
We found that in all the A6340-recombinant strains, the site where the Mini-Tn5-gfp 
transposon was inserted was not the same as the position the transposon would insert in 















transposable elements had jumped into a same position of the same locus, katA gene, 
even in different A6340-recombination strains (Fig 3.11). 
  
As we have known, the difference between A6340 and A6010 is that A6340 is a chvG 
null strain but A6010 is a chvG positive strain. The sequencing results showed that, 
without the existence of chvG (chvG-), the occurrence of recombination was different 
from homologous recombination. In all the strains, the transposable element jumped into 
the same position of the same locus, katA. This jumping occurred without the help of 
transposase, because the transposase gene of Mini-Tn5-gfp was outside the transposable 




































Fig. 3.11. Recombination in A6340-recombinant strains 
A: DNA fragment from the donor strain (here is CGI1, with transposable element Mini-
Tn5-gfp inserted into aopB); B: genomic DNA from the receptor strain (here is A6340); 

















3.4. Effects of chvG on the regulation of acid-inducible genes  
 
Since ChvG is a sensor protein and chvG null mutants are highly sensitive to acidic pH 
(Charles and Nester, 1993), we wanted to know if ChvG/ChvI might be involved in the 
regulation of acidic pH-inducible genes.  
 
The aopB, katA and 16S RNA gene expression was measured by using the aopB::gfp, 
katA::gfp and 16S RNA::gfp, respectively. The virB and virE gene expression was 
measured by using the virB::gfp and virE::gfp fusions, respectively. The recombinant A. 
tumefaciens strains containing the appropriate fusions were cultured on AB agar plates at 
28°C for 2 days and then transferred to agar plates of IB buffered at pH 5.5 or pH 7.0. 
After incubation on the IB agar plates for 2 days, the cells were collected and washed 
once with water. To measure the expression of aopB::gfp, katA::gfp and 16S RNA::gfp, 
the cell concentration was adjusted to 5 × 108 cells/ml based on OD600. Then 200 µl of 
cell suspension was used to measure the relative fluorescence intensity (Ir). A6010 and 





















Fold of acidic 
inductionb 
A6010-CG9 16S RNA::gfp + 1023 973 0.9 
A6340-CG9 16S RNA::gfp - 1210 1273 1.0 
A6010-CG19 unknown + 1382 1413 1.0 
A6340-CG19 unknown - 1358 1489 1.0 
A6010-AG6 katA::gfp + 102 819 8.0 
A6340-AG6 katA::gfp - 1443 1450 1.0 
A6010-CGI1 aopB::gfp + 123 745 6.0 
A6340-CGI1 aopB::gfp - 1042 914 0.9 
A6010-CG8 virH2::gfp + 136 1512 11.1 
A6340-CG8 virH2::gfp - 95 88 0.9 
A6010-CG14 virB::gfp + 225 3106 13.8 
A6340-CG14 virB::gfp - 67 75 1.1 
A6010-CGS28 virD4::gfp + 281 1989 7.1 
A6340-CGS28 virD4::gfp - 28 39 1.4 
a: The relative fluorescence intensities (Ir) of Agrobacterium tumefaciens strains 
containing the gfp reporter fusions grown on IB pH 7.0 or IB pH 5.5 were measured as 
described in Materials and Methods. 
b: The fold of acidic induction for each gene was determined by dividing the Ir of the 




aopB and katA are two chromosomal genes that are involved in Agrobacterium 
tumorigenesis (Xu and Pan, 2000; Jia et al., 2002). To determine whether ChvG is 
involved in the regulation of these two genes, we measured the expression of aopB::gfp 
and katA::gfp fusions in the presence or absence of ChvG by measuring green 
fluorescence in different pH media (Table 3.3). We found that the aopB::gfp expression 
in the chvG+ strains A6010 was increased by 6 fold compared to that in the chvG- strains 
A6340 by changing the pH from pH 7.0 to pH 5.5. This suggests that ChvG is necessary 
in the responsiveness of aopB gene expression in low pH conditions. 
 
To study the effect of chvG on katA expression, we examined green fluorescence in two 
recombinants A6010-AG6 and A6340-AG6, which lack a functional katA but contain the 
katA::gfp fusion in the A6010 and A6340 background, respectively. The results showed 
that the katA::gfp expression in the chvG+ background was induced about 8 fold 
compared to that in the chvG- background when the pH in the medium was lowered from  
7.0 to 5.5. This suggests that ChvG is required for katA gene expression at low pH. 
 
To determine whether the effects of chvG on katA and aopB gene expression were 
specific under the test conditions, we studied the expression of an 16S ribosomal RNA 
gene in CG9. This strain contained the 16S RNA::gfp fusion with the mini-Tn5 
transposon inserted in the gene encoding 16S ribosomal RNA. After obtaining the strains 
A6010-CG9 and A6340-CG9 that contained the 16S RNA::gfp fusion in the A6010 and 
A6340 background respectively,  we examined the gfp expression in these two strains and 
found that the 16S ribosomal RNA expression was constant in chvG+ and chvG- 
background, suggesting that the 16S ribosomal RNA is not acid-inducible and not 
affected by ChvG. 
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The virH2::gfp, virB::gfp and virD4::gfp gene expression in the chvG+ strain A6010 was 
induced about 11-fold, 14-fold and 7-fold, respectively, by acid (pH 5.5). However, the 
virH2::gfp, virB::gfp and virD4::gfp gene expression in the chvG- strain A6340 was 
much lower than the activity in the chvG+ strain A6010. Therefore, it can be deduced that 
ChvG plays an important role in the expression of virH2, virB and virD4 genes besides 
regulating the acidic responsiveness of the vir genes. 
 
3.5. Comparison of recombination efficiency between A6010 and A6340 
 
To compare the efficiency of recombination between A. tumefaciens A6010 and A6340, 
we transformed genomic DNA from seven types of A. tumefaciens strains into A6010 and 
A6340 separately by electroporation. Tables 3.4 and 3.5 showed the materials used and 














Table 3.5. Recombination Efficiency of Agrobacterium tumefaciens A6010 









60 3 1 × 109 22 1.22 × 10-10  
CG19 
60 15 1 × 109 26 2.88 × 10-11 
60 3 1 × 109 20 1.11 × 10-10  
CG9 
60 15 1 × 109 23 2.56 × 10-11 
60 3 1 × 109 26 1.44 × 10-10  
AG6 
60 15 1 × 109 25 2.78 × 10-11 
60 3 1 × 109 22 1.22 × 10-10  
CGI1 
60 15 1 × 109 23 2.56 × 10-11 
60 3 1 × 109 20 1.11 × 10-10  
CG14 
60 15 1 × 109 25 2.78 × 10-11 
60 3 1 × 109 25 1.39 × 10-10  
CG8 
60 15 1 × 109 28 3.11 × 10-11 
60 3 1 × 109 21 1.17 × 10-10  
CGS28 









Table 3.6. Recombination Efficiency of Agrobacterium tumefaciens A6340 









60 3 1 × 109 0 0  
CG19 
60 15 1 × 109 2 2.22 × 10-12 
60 3 1 × 109 0 0  
CG9 
60 15 1 × 109 1 1.11 × 10-12 
60 3 1 × 109 0 0  
AG6 
60 15 1 × 109 2 2.22 × 10-12 
60 3 1 × 109 0 0  
CGI1 
60 15 1 × 109 3 3.33 × 10-12 
60 3 1 × 109 0 0  
CG14 
60 15 1 × 109 1 1.11 × 10-12 
60 3 1 × 109 0 0  
CG8 
60 15 1 × 109 2 2.22 × 10-12 
60 3 1 × 109 0 0  
CGS28 
60 15 1 × 109 1 1.11 × 10-12 
 
 
Results showed that in the same conditions, recombination efficiency of A. tumefaciens 
A6010 was higher that that of A6340. Data in Table 3.4 showed that the efficiency for 3 
µl of DNA was similar to that for 15 µl of DNA. It should mean that the Agrobacterium 
A6010 used for transformation might be saturated by 3 µl of DNA. So there would no 
more colonies appearing even the quantities of DNA was increased by folds from 3µl to 
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15µl. On the contrary, for the strain A6340, the colonies were too few to draw the 
conclusion. More DNA was needed to enable us to obtain enough colonies after 
transformation. Nevertheless, results of this study conclude that the recombination 
efficiency of A6010 was 100 times higher than that of its chvG- mutant A6340. It also 
suggests that chvG gene may play a role in the recombination inside A. tumefaciens. This 
is consistent with our previous observation that ChvG plays a role in regulating the 








































In this study, we discovered an interesting phenomenon about gene recombination in A. 
tumefaciens.  That is, without the involvement of transposase, the mini-Tn5 transposon 
can move in the genome of A. tumefaciens in the chvG- strains and all the transpositions 
in different strains transferred to the same locus: katA. We also found that chvG and chvI 
genes, which constitute a two-component regulatory system, were involved in the 
regulation of vir genes and some acidic pH-inducible chromosomal genes such as katA 
and aopB in A. tumefaciens.  
 
4.1. The role of chvG gene in coordinating the expression of acid-inducible genes in 
A. tumefaciens and in T-DNA transfer 
 
In an attempt to identify additional chromosomal virulence genes, Cangelosi et al. (1991) 
used TnphoA (Manoil and Beckwith, 1985) to generate insertion mutations in genes that 
encode protein with extracytoplasmic domain, the rationale being that certain virulence 
determinants were likely to be associated with the cell envelope. The resulting insertion 
mutants were screened for virulence on plant leaves and one of the mutants named A6340 
was identified to be avirulent. Chales and Nester (1993) found that the mutation occurred 
at the chvG gene. After that much work has been done on the chvG gene and ChvG 
protein. However, it is still unknown what genes A. tumefaciens ChvG regulates or what 
signals it senses. The A. tumefaciens chvG and chvI genes are highly homologous to the 
Rhizobium meliloti exoS and chvI genes. In R. meliloti, ExoS may serve as the sensor 
protein and ChvI as the response regulator of a two-component regulatory system that is 
involved in regulating the production of succinoglycan, which plays a crucial role in the 
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establishment of the symbiosis between R. meliloti Rm1021 and its host plant alfalfa. It 
remains to be determined whether pH plays a role in this process and whether ExoS is 
involved in regulating the expression of any acid-inducible genes in S. meliloti.  
 
Most sensor proteins are located in the cytoplasmic membrane with their transmitter 
projecting into the cells.  Nearly all of them have two membrane-spanning segments that 
should arrange the molecule into an N-terminal periplasmic receptor domain and a C-
terminal cytoplasmic signaling domain (Stock et al., 1989). Based on its amino acid 
sequence, there are two transmembrane domains in the ChvG protein, which are located 
at the N terminal and the middle region of the protein respectively. Previous studies have 
demonstrated that the cytoplasmic domain of ExoS in R. meliloti possesses the kinase 
activity. Thus, we propose that ChvG is a histidine kinase sensor protein located in the 
cytoplasmic membrane that has an N-terminal periplasmic domain and a C-terminal 
cytoplasmic kinase domain. This is the typical membrane topology for a membrane-
bound sensor protein of a two-component regulatory system. 
 
Two-component sensory transduction system has been found in a diverse assortment of 
prokaryotic organisms. It accounts for a significant amount of the adaptive capacity of 
most of these organisms (Albright et al., 1989; Parkinson and Kofoid, 1992; Stock, et al., 
1989). Of particularly interest is the acidic pH sensitivity of mutants of the ChvG-ChvI 
regulatory system. The acidic pH is potentially an important signal in the interaction 
between A. tumefaciens and the plant. In addition to the requirements for plant-wound-
associated phenolic and monosaccharide-inducing signals, significant induction of the vir 
genes only occurs under the condition of acidic pH (Stachel, et al., 1985). So it should be 
noted that the later steps of T-DNA processing and transfer also occur in the plant-wound 
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environment and may be similarly affected by pH. Results of this study suggest that the 
two-component regulatory system ChvG/ChvI plays a role in coordinating the expression 
of acid-inducible genes in A. tumefaciens, including vir, katA and aopB genes. The Ti-
plamsid-harbored vir genes are directly involved in causing tumors in plants, whereas 
katA is involved in defending against a plant defense response (Xu and Pan, 2000). The 
role of aopB in virulence is still unknown (Jia, et al., 2002), although different surface-
associated proteins have been identified as virulence factors in pathogenic bacteria 
(Klemm and Schembri, 2000).   
 
4.2. Recombination occurred in this study 
 
Models for generalized recombination are based on the properties of Chi sites. These sites 
have directionality and cause exonuclease V to produce the nick(s) needed to initiate 
recombination. At present there are several models to explain the recombination. A 
model for general recombination was prepared by Smith (1991). In this model for 
homologous recombination by the RecBCD pathway, it was assumed that two processes 
were operative. They were long chunk integration, which occurred at paired sites flanking 
a genetic marker. However, the results in this study are not fit in line with the model of 
homologous recombination. The results seem to suggest another type of recombination: 
site-specific recombination. Compared with homologous recombination that involves 
large regions of homologous DNA sequences, site-specific recombination involves 
considerably smaller segments of DNA, in which the recombination event occurs at a 
specific sequence (the recognition sequence). The essential components for site-specific 
recombination include an enzyme or enzymes specific for the recognition sequence and 
two DNA duplexes, at least one of which carries that sequence. There are two kinds of 
 66
site-specific recombination: single site-specific recombination and double site-specific 
recombination, depending on whether the recombination occurs at the site(s) of one or 
two DNA duplex(es). It is still difficult to classify the kind of recombination we have 
found here, as more data are needed to reach a final conclusion. 
 
Many transposable elements in bacteria have been discovered. Transposition occurs 
without need for extensive DNA sequence homology or the rec gene functions required 
in classical homologous recombination (Craig, 1989). Because of their low insertional 
specificity and high stability in most Agrobacterium strains, Tn5 and its derivatives are 
most useful for shotgun mutagenesis of Agrobacterium. Normally, the mobile element of 
the transposons can transfer from one gene to another only with the help of transposase. 
But in this study, we have found that the transposon can move in the genome of A. 
tumefaciens in the chvG- strains without the existence of transposase. We are still not sure 
whether the transposition can occur without the involvement of transposase or A. 
tumefaciens has its own transposase to complete such transposition.  
 
4.3. Further work 
 
What we have found here leaves many open-ended questions. How can such 
transposition occur? Why do all transposable elements jump into the same katA locus? 
Can such transposition occur in chvG-homologous genes in Rhizobium, Sinorhizobium, 
Mesorhizobium, Brucella, Bartonella and Caulobacter? Can such transposition occur in 
mutants of other genes besides chvG? What roles does such transposition play in nature? 
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